Determination of the ozone dose delivered into liquids by plasma systems is of importance in many emerging plasma applications, such as plasma medicine. Quantification of this dose remains extremely challenging due to the complex physico-chemical processes encountered in the gas plasma, the plasma-liquid interface and the liquid itself. Chemical probes have the potential to address the limitation of more traditional plasma diagnostic techniques but most commercial chemical probes are not specific enough to be used in plasma applications. Here we report on the development of a method for the quantification of the ozone delivered into a liquid using Pittsburgh Green, a novel ozone-selective fluorescence probe. Entailed within this work is a method for the preparation of the probe solutions, the design of a calibration system and a normalized calibration curve correlating fluorescence intensity to actual ozone dose delivered to the liquid. This enables the quantitative comparison of ozone measurements performed with different spectrofluorometers and in different institutions.
Introduction
Ozone (O 3 ), traditionally used for drinking and waste water treatment [1, 2] , has received increasing attention in recent years due to its importance in atmospheric science [3] and its potential use in emerging plasma applications such as food sanitization [4] , plasma medicine and surface cleaning [5, 6] . The predominant source of ozone for these applications is atmospheric-pressure plasma, where ozone is produced alongside a broad range of other reactive oxygen and nitrogen species. In many cases, ozone is delivered to a liquid phase, and to advance our understanding and to optimize these systems, it is necessary not only to measure the concentration of ozone in the gas phase but also to quantify the amount of ozone that is actually delivered to the liquid.
Quantitative measurement of the ozone dose in these systems is challenging, as it requires a high degree of selectivity. In the gas phase, ozone is often measured using Fourier transform infrared (FTIR) spectroscopy [7] . Although well-developed for the detection of ozone in gas phase, this method is not feasible for the measurement of ozone in liquids as infrared transparent windows are water-soluble. An alternative technique to measure ozone is ultra-violet (UV) absorption in the Hartley band (220-290 nm). This can be used in both gas and liquid phases as long as UV transparent windows, such as quartz, are used in the measurements [8, 9] . However, water and many organic compounds, such as those encountered in cell culture media, absorb in the UV, limiting the applicability of UV absorption in many practical scenarios [10, 11] .
An alternative method for measuring the dose of ozone delivered to a liquid by a plasma treatment is the use of chemical probes. One of the most commonly used probes is indigo carmine (indigo disulfonate), a water soluble blue dye that in the presence of ozone readily undergoes ozonolysis. This causes the eventual cleavage of its central C=C double bond, as indicated in Fig. 1 [12] . This reaction can be monitored optically as indigo absorbs light at 605 nm and the product of the ozonolysis does not, making it convenient and easy to use.
However, indigo does not react selectively with ozone, and many other reactive oxygen species often present in plasmas such as hydroxyl radicals and singlet oxygen can cause the cleavage of the double bond [13, 14] . As a result, indigo is unsuitable as a diagnostic technique for ozone in applications where other oxidative species may be present. Unfortunately, this is the case of most plasma treatments. Another chemical technique often reported in the literature to measure ozone employs KI. In the presence of ozone, KI forms iodine (I 2 ), and the concentration of iodine can be determined via titration [15] . There are still open questions over the robustness of this method as results are very sensitive to a range of parameters; such as buffer concentration/composition, pH and sampling techniques. KI solutions are also known to react with other reactive oxygen species such as hydroxyl radicals [16] .
Recently, a chemical probe that is sensitive and specific to ozone, Pittsburgh green (PG), has been reported [17] . In the presence of ozone, PG reacts to form a fluorescent product (see Fig. 2 ) that can be detected optically. Ozone reacts with PG (1) via a 1,3-dipolar cycloaddition, producing a molozonide (2) before a further step of a retro- [3 + 2] cyclization forms an aldehyde (3). The final step, a β-elimination of the aldehyde to form the fluorescent product (4) is the rate limiting step and can take in the order of hours to complete, but this can be catalysed in the presence of a base such as pyrrolidine [18] .
Castello-Beltran et al. [19] studied the pH stability of PG and also reported that overexposure of the probe to ozone results in conversion of the fluorescent product (4) to 2′,7′-dichloro-fluorescein (DCF), affecting the quantification capability of the probe. Therefore, PG assays must be carried out with the probe in excess and preferably in a neutral pH buffer solution [20, 21] .
Despite its potential in terms of sensitivity and selectivity, PG is not commercially available and hence it has not been previously studied for its use in the detection of ozone in plasma-liquid systems. In this manuscript, we explore the use of PG for the quantification of ozone in liquid in a remote plasma system, developing a protocol for the quantification of the ozone dose delivered in remote plasma-liquid systems in concentrations up to hundreds of μM, concentrations 3 orders of magnitude larger than in previous reports. A calibration curve is obtained and we present a method that can be used by researchers in other institutions to report quantitative results.
Experimental Setup and Methods

The Fluorescent Probe Pittsburgh Green (PG)
Although PG is currently not commercially available, its synthesis is relatively simple and high yielding. The probe is derived from 2′,7′-dichlorofluorescein and details of its synthesis can be found in [18] . The probe is specific over other reactive oxygen species often encountered in plasma systems such as singlet oxygen, hydroxyl radical and hydrogen peroxide [17] , as well as reactive nitrogen species such as nitric oxide and peroxynitrite [19] . This makes the probe particularly interesting for plasma applications. As PG is not fully soluble in water, it is necessary to develop a solvent solution for the probe. In previous studies, PG has been dissolved in 5% methanol in aqueous buffer solution [17] . The use of methanol, however, has some limitations: for biological applications, methanol is toxic to cells [22] , and when used in plasma systems, methanol evaporates quickly due to its high volatility (boiling point 64.7 °C).
Therefore, to extend the use of PG to a plasma system, an alternative formulation for the solvent is required. Here we propose the use of dimethyl sulfoxide (DMSO) as DMSO has a higher boiling point (189 °C) and low toxicological impact [22] .
To minimize changes to ozone solubility and pH over time, the PG solution used in the study was buffered. Probe solutions were prepared to a concentration of 300 µM in 5% DMSO in a phosphate 7.4 pH buffer (0.1 M) solution. All chemicals were sourced from Sigma, UK, except for the probe, which was synthesized in-house [19] .
Experimental Set Up
Calibration of fluorescence probes is typically performed by preparing solutions of the fluorescent product in varying known concentrations and measuring the resulting fluorescence. The resulting calibration curve is specific for that particular probe and spectrometer system. This approach, however, could not be applied in this study as it would only provide quantification of the fluorescent product generated in the system but not of the ozone delivered to the solution. As it is discussed below, these two quantities are not necessarily the same.
Therefore, an alternative calibration system was developed to correlate the concentration of ozone delivered to the PG solution and the fluorescence of the solution. A schematic of the system is shown in Fig. 3 . Probe solution (25 ml) was placed in a Dreschel bottle and ozone produced in the afterglow of an atmospheric-pressure N 2 /O 2 plasma was bubbled through the solution. The amount of ozone delivered to the Dreschel bottle and the ozone leaving through its exhaust were measured using UV absorption spectroscopy. Comparison of the amount of ozone delivered and leaving the Dreschel bottle enables accurate quantification of the amount of ozone trapped in the solution. Fig. 3 A schematic of the setup used for the calibration of the ozone probe A gas mixture of N 2 (90%) and O 2 (10%) was used in the study with a gas flow rate of 0.5 standard litres per minute (SLPM) controlled by an Alicat MC-2SLPM mass flow controller. Similar results have been obtained with a gas mixture of Ar (90%) and O 2 (10%), which in agreement with previous studies suggest that PG is not influenced by the presence of reactive nitrogen species. This is not the case for indigo solutions as even in the mild conditions used in this study the amount of indigo degraded is larger than the amount of ozone lost in the system due to reactions of indigo with other reactive species.
The gas was first passed through a dry ice condenser to remove any humidity in the gas supply before it entered a plasma chamber similar to that employed by Shaw et al. [23] A surface dielectric barrier discharge (s-DBD) driven by a modulated in-house built fullbridge resonant power supply was used to generate ozone. The s-DBD operated a 5% duty cycle at 35 kHz and 5.5 kV pp . The effluent of the s-DBD was then passed through the first of two ozone measurement boxes. The boxes are made of anodized aluminium and contain an inlet and outlet for the gas, with two quartz windows and collimated lenses in opposite sides of the box to provide optical access for UV absorption measurements. The gas was then directed into the Dreschel bottle where it was bubbled through and ozone was delivered to the solution. At the exit of the Dreschel bottle, a second dry ice condenser and a chilled water reflux condenser were used to remove humidity picked up by the gas in the Dreschel bottle. Finally, the gas was directed through a second ozone measuring box before it was released to the atmosphere through an ozone scrubber.
To measure the ozone concentration in the measuring boxes, a 255 nm LED light (Ocean optics, LLS-255) was directed into a bifurcated fibre (Ocean Optics, QP600-1-XSR) to create two channels, one for each box (see Fig. 3 ). Two TTL switches (Ocean Optics, FOR-2X2-TTL) were used to control the light directed to the spectrometer (Ocean Optics, HR2000+). This arrangement requires only one UV source and one spectrometer, minimizing mismatches between the readings in each box. It can be shown that the ozone concentration difference between the two boxes (Δ[O 3 ]) in molecules/cm 3 between the two boxes is given by:
where I 1 and I 2 are the light intensities recorded through channel 1 and channel 2, respectively; σ the cross section area at 255 nm (1.1 × 10 17 cm 2 ) [24] ; L the optical path length of the boxes (7 cm) and A a constant that depends on the way light is split in the bifurcation fibres and any difference in attenuation within the fibres. Although difficult to predict theoretically, A can be easily determined experimentally by measuring the light intensity in each channel when no ozone is present in the boxes (after a nitrogen purge) since the difference in ozone concentration in this case must be zero. The difference in ozone concentration (Δ[O 3 ]) measured in this way is insensitive to drifts in the light source intensity or the spectrometer's sensitivity and can therefore be reliably used for measuring difference in ozone concentration over extended periods of time.
Ozone Dose Measurement
To obtain a calibration curve that relates fluorescence to ozone concentration, it is necessary to quantify the actual amount of ozone delivered to the liquid. This is achieved using the setup described in "Experimental Set Up" Section by measuring the difference in ozone concentration in the gas before and after the bubbling Dreschel bottle.
An example of the time evolution of the difference in ozone concentration between box one and box two during an experiment is shown in Fig. 4a . Initially the system is flushed with the N 2 /O 2 gas mixture for 15 min and during this time, the ozone difference between the two boxes is zero (see Fig. 4a ). After 15 min, the plasma is switched on and ozone starts to be produced. As ozone is transported through the system, ozone reaches box 1 before any ozone makes it to box 2. This causes the rapid increase in concentration difference seen in Fig. 4a at 15 min. As ozone starts to reach box 2, the difference in ozone concentration between the two boxes decreases but remains positive throughout the experiment (15-40 min) as some ozone is lost in the system. When the plasma is switched off at 40 min, the first box fills with N 2 /O 2 while box two continues to have some ozone. This causes the difference to become negative for a little while until the system is completely flushed out and the difference returns to zero.
By integrating the ozone difference and taking into account that the gas flow rate is 0.5 SLPM, it is possible to determine the amount of ozone that reacted in the system. Knowing the volume of the liquid in the Dreschel bottle (25 ml), the amount of ozone can be converted to an equivalent ozone concentration in the liquid. This is shown in Fig. 4b .
The ozone lost in the system is primarily due to the reaction of ozone with the probe solution. Nonetheless, some ozone is lost in the system even if no liquid is present in the Dreschel bottle. This loss is attributed primarily to wall reactions in the system and it was found to be linear with respect to the duration of the experiment. Therefore, for each experiment, the amount of ozone delivered to the liquid was computed by subtracting the amount of ozone lost in the system when probe is not present from the total amount of ozone lost in the system with the probe in it.
The ozone dose delivered to the solution reacts with both the probe and DMSO. Therefore the fluorescence measurements need to be calibrated to the net ozone dose to 
Fluorescence Measurement
One of the shortcomings of PG is the slow β-elimination of the aldehyde (3) to form the fluorescent product (4), which can result in fluorescence readings varying over time [19] . To overcome this problem, in this study the β-elimination of the aldehyde was catalysed by the presence of pyrrolidine. After exposing a probe solution to ozone as described above, samples were prepared for fluorescence measurements by making up a solution of 5% treated probe to 95% pH 9 pyrrolidine solution (47.5 mM, 0.5 M borate buffer) and left to stand for 3 min [18] .
The absorbance and fluorescence spectra were measured with a UV-VIS spectrometer (Lambda 35, Perkin Elmer) to quantify the stoke shift. Figure 5 shows the absorption and fluorescence spectra of both an untreated solution of PG and a solution of PG after 70 min of ozone exposure. The stoke shift was found to be ~ 20 nm and subsequent fluorescence measurements were performed with a spectrofluorometer (FluoroMax, Horiba Scientific) with an excitation wavelength of 496 nm. Fluorescence values reported in this paper were measured by integrating the emission from 510 to 600 nm.
It is worth noting in Fig. 5 that the PG exhibits a small amount of fluorescence before exposure to ozone, which as it will be shown later, can be used as a calibration reference to extend the use of the calibration curve produced in this study to experiments performed with different fluorescent spectrometers. 
Results and Discussion
Calibration Curve
Probe solutions were treated in the calibration system for different time durations ranging from 0 to 145 min. The ozone consumed in the experiment was determined as described above and the dose of ozone delivered to the liquid was then calculated by subtracting the background wall losses. Figure 6 shows the correlation between the amount of ozone delivered to the liquid expressed in terms of concentration in a 25 ml volume and the normalised fluorescence of the solution after the ozone exposure. The correlation is linear over a wide range of ozone concentrations and up to µM concentrations often encountered in plasma applications.
For the spectrometer used in this study, the initial fluorescence of PG before ozone exposure was 1,592,270 counts, which was normalized to a fluorescence intensity of 1. It is important to note that although the probe solutions are 300 µM, DMSO also acts as an ozone scavenger [26] , and therefore not all the ozone delivered to the liquid reacts with the probe. The same is likely to be true with other solution systems. Therefore, it is important to calibrate the fluorescence of the probe solution directly to the amount of ozone delivered to the liquid as it is done in this study instead of assuming that under experimental conditions there will be a 1:1 relationship between ozone and fluorescent molecules (even if this is the stoichiometry of the reaction). The calibration curve produced in this work (Fig. 6) is therefore valid as long as the probe solutions are prepared as described in "Experimental Setup and Methods" Section, and can be used to compare different plasma systems. Changing the solution composition would require a new calibration curve.
As a result of the competing reactions of ozone with the probe and DMSO, it is possible to detect ozone concentrations larger than the probe concentration in the solution. For example, in Fig. 6 , a linear behaviour to ozone concentrations in excess of 500 μM is observed even though the probe concentration is only 300 μM. Liquid chromatography mass spectrometry (LCMS) analysis of the samples exposed to the largest amount of ozone in Fig. 6 show still significance presence of unreacted probe. 
Calibration for Different Spectrometers
One of the limitations of fluorescence methods is the difficulty to compare quantitatively fluorescence results obtained with different spectrometers. This is also the case for PG. However, as shown in Figs. 5 and 6, PG is slightly fluorescent even before it is exposed to ozone. While this may be a shortcoming when trying to measure small ozone concentrations (< nM), this initial fluorescence can also be used to calibrate the fluorescence measurements obtained with different spectrometers.
To test the reliability of this approach, a separate batch of the PG probe solutions was treated in the same experimental set up so that the actual ozone dose could be quantitatively determined but with the fluorescence measured using a custom-built spectrometer set-up consisting of a cuvette holder (Ocean Optics, CUV-ALL-UV), collimating lenses and optical fibres (Ocean optics, QP600-1-XSR) placed at 90°, a spectrometer (Ocean Optics, HR2000+), a broad band LED light source (Ocean Optics, LS-475) and optical filter (Brightline, 536/40). With this system, the initial fluorescence intensity of PG before ozone exposure was 10,868 counts. The fluorescence of the PG as determined with this equipment (10,868 counts) is orders of magnitude different from the fluorescence measured with the FluoroMax spectrofluorometer (1,592,270 counts). Nonetheless, this value can be used to normalize the measurements performed with this set-up. Figure 7 shows the normalized fluorescence data measured with the two optical systems as a function of the ozone dose delivered to the solution. A comparison of the two data sets shows a very good agreement, demonstrating that it is possible to use the self-fluorescence of the probe to normalize the measured fluorescence and use the calibration data provided in Fig. 6 to determine the ozone dose delivered to the liquid in other systems.
Conclusion
Chemical probes can provide a means to determine the dose of plasma generated species delivered to a liquid. To date, however, most probes have been developed for non-plasma environments. This implies that the interpretation of results obtained with these probes Here we have demonstrated the use of Pittsburgh green (PG) as a selective probe for the determination of the dose of ozone delivered by a remote plasma system. Future studies should examine the suitability in direct plasma systems.
The composition of the probe solution is important as solvents can act as scavengers and lead to misinterpretation of fluorescence measurements. To circumvent this problem, an experimental setup was developed to correlate the fluorescence of the probe to the actual ozone dose delivered to the liquid. The correlation is linear up to ozone doses in the order of hundreds of μM. A normalized calibration curve has been obtained and it was demonstrated that the small self-fluorescence of PG can be used to calibrate fluorescence measurements performed with different optical systems, allowing the quantitative application of this probe in other laboratories.
